INTRODUCTION
The acknowledgement 2 decades ago of the importance of microbial processes in the functioning of planktonic systems challenged the traditional view of marine food webs (Pomeroy 1974 , Azam et al. 1983 . Microzooplankton appeared to be important structural and functional components of planktonic ecosystems, acting as top predators within microbial food webs (Sherr & Sherr 2002 , Calbet & Landry 2004 . Since most microbes are too small to be ingested by copepods, microzooplankton are considered as a trophic nexus between the microbial loop and the 'classical' food chain (Sherr et al. 1986 , Gifford 1991 . This intermediate role of microzooplankton is often claimed to explain the lack of relation between copepod production rates and phytoplankton abundance (e.g. Saiz et al. 1999 , Calbet et al. 2002 , and also to balance discrepancies between observed phytoplankton ingestion and copepod metabolic demands (Joint & Williams 1985 , Dam et al. 1993 , Madsen et al. 2001 .
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Even though the underlying mechanisms of the copepod preference for microzooplankton are not fully known, the relevant role of the microzooplanktoncopepod trophic link is unquestionable. However, this link is not usually considered in the construction of carbon budgets for marine ecosystems (but see Dam et al. 1995) or in ecosystem models of fisheries yield (Pauly & Christensen 1995 , Jackson et al. 2001 , Pauly et al. 2002 .
This situation called for an extensive examination of the microzooplankton-copepod interaction, to establish the relevance of this trophic path on a global scale, and to look for factors possibly shaping the relationship between these 2 important plankton groups. Our study focused on ciliates because data on copepod feeding on other microzooplanktonic groups are scarce. This is partially due to the fact that, traditionally, ciliates have been considered as the main representatives of microzooplankton when constructing plankton models (Sherr & Sherr 1988) . Moreover, in terms of biomass, ciliates also comprise a relevant group of microzooplankton on an oceanic scale (Verity & Paffenhöfer 1996) .
The objective of this work is not merely to describe the present data on ciliate-copepod interactions, or to extend previous reviews on the subject (e.g. Gifford 1991 , Sanders & Wickham 1993 , but (1) to assess the importance of ciliates as a food source for copepods in marine ecosystems, and (2) to quantify the strength of the ciliate-copepod link from the point of view of biogeochemical fluxes in the pelagial. The results obtained in this study will be useful not only to implement our knowledge of the dynamics of planktonic food webs, but also to the parameterization of food web models.
MATERIALS AND METHODS
We searched the literature for copepod grazing rates on ciliates in marine ecosystems (Table 1) . Most of the copepod grazing rates were derived from incubations of natural seawater. Studies not providing essential parameters, like ciliate abundance and size, etc., were excluded. The resulting data set considers 23 studies (170 data points), and includes reports on oceanic and coastal waters, extending from polar to tropical regions. The collected data set covers a representative suite of ecosystems, characterized by different trophic conditions, and should thus provide a realistic approximation of the subject. For comparative purposes, simultaneous data on grazing rates on phytoplankton (101 paired data points) were collected when available.
Log transformation was applied to ingestion rate and abundance data to stabilize variance and to attain homoscedasticity. A total of 7 negative or not significant grazing estimates (4% of data) found in the data set were corrected to + 0.0001 (to allow transformation and avoid division by zero in calculations). The distribution of the variables after log transformation was checked with the Shapiro-Wilk test and proved to be normal in all cases (p > 0.07). Ordinary least-squares regression was used when error variance of y was expected to be much larger than the error variance of x (in general, rates vs. state variables). In regression analysis, residuals were checked to verify that, after log transformation, errors were additive and not multiplicative. When computing averages from percentage data, the arcsine transformation was applied. ), respectively. Fig. 1 shows the scatterplot of the paired ciliate and phytoplankton concentrations. Ciliate biomass was weakly, although significantly, correlated to phytoplankton biomass (r = 0.37, p < 0.001, log-transformed data). Regarding the contribution of ciliates to total plankton, the proportion of ciliates was affected by the trophic status (characterized as different phytoplankton biomass) of the system studied. At phytoplankton concentrations below 50 µgC phyto l -1 ciliates represented 21% of combined carbon biomass (ciliates + phytoplankton), but this proportion decreased to 9 and 2% at concentrations of 50-500 and > 500 µgC phyto l -1 , respectively (significant differences among groups at the 0.05 significance level, 1-way ANOVA test and Tukey HSD posterior test on arcsine-transformed data).
RESULTS

Phytoplankton
Weight-specific ingestion rates on ciliates ranged from negligible to 2.0 µgC ciliate µgC copepod -1 d -1 (Fig. 2) , overall averaging 0.018 µgC ciliate µgC copepod -1 d -1 (geometric mean; ±1 SE interval = 0.015 to 0.021, n = 168). The functional relationship between ciliate biomass and the corresponding copepod-specific ingestion rates (Fig. 2) followed a power function of slope <1 (p < 0.001, t-test) , indicating that the relative number of ciliates removed by copepod grazing decreased with ciliate biomass. Some caution is required when interpreting such a relationship in field feeding experiments, under a range of other available potential prey, because the <1 slope could be mediated not only by satiation at high ciliate concentrations, but by a switch to higher feeding on alternative prey (e.g. phytoplankton). Table 2 summarizes the surveyed records of copepod ingestion rates on ciliates and the paired ingestion rates on phytoplankton. Ingestion rates on phytoplankton represented a higher daily food intake in produc- Table 1 . Summary of the studies used in the data set with references to the groups of prey considered, the geographical area surveyed, and the copepod species considered. C: ciliates; P: phytoplankton; 1: a carbon to chlorophyll ratio of 50 was used; 2: copepod carbon weight from dry weight (DW) assuming a DW carbon content of 40%; 3: copepod weight from Hirst & Kiørboe (2002) ; 4: copepod weight from Uye (1982); 5: copepod weight from Saito & Kotani (2000) tive areas (50-500 and > 500 µgC phyto l -1
), whereas in poorer areas (< 50 µgC phyto l -1 ) ciliate and phytoplankton ingestion rates were similar. The contribution of ciliate carbon in the copepod diet (here considered as ciliates + phytoplankton) averaged 30%, but increased with the degree of oligotrophy of the ecosystem ( Table 2 ). The contribution of ciliates to copepod diet appeared disproportionately high with respect to their relative abundance (Fig. 3) . No significant relationship was observed between the contribution of ciliates to diet (arcsine transformed) and copepod body weight (linear regression analysis, p > 0.05).
A multiple regression analysis was conducted on standardized data [(log (x)-average)/SD)] to assess the relative importance of ciliate concentration driving weight-specific copepod ingestion rates. Additional independent variables (phytoplankton concentration, individual copepod weight, and temperature) were also included in the model. The test of the model followed a backward step-wise procedure. Three outliers falling outside the 1.5 × interquartile range were not used for the model. Temperature did not add any significant contribution, and the model based on the remaining independent variables explained 73% of the variance of copepod ingestion rates (p < 0.0001). The relative strengths of the effects associated with each of these variables were directly compared using the standard partial regression coefficients (β'). Ciliates and phytoplankton contributed equally and positively to the model (β' ciliate = + 0.33, and β' phyto = + 0.39), and copepod biomass had a strong negative weight (β' bodymass = -0.69).
DISCUSSION
Contribution of ciliates to copepod diet
Ciliate biomass in the oceans is far lower than that of the dominating plant food (phytoplankton), and bounded by the 1:1 relationship, which suggests that there is a constraint in the maximum attainable biomass of ciliates the ecosystems can support. However, ciliates were identified as important components of the copepod diet, their contribution to copepod daily food rations being disproportionately high, independent of copepod body weight, and increasing inversely with the trophic status of the system. In oligotrophic ecosystems (most of the world's oceans) ciliate-associated carbon supply for copepods equals that of phytoplankton. Our study confirms, globally, the strength and relevance of the heterotrophic link between the microbial food webs and the classical food chain (Sherr et al. 1986 ). This derivation of energy and matter from the microbial loop, where regenerating processes are dominant, constitutes a significant export towards upper trophic levels.
The reasons for ciliate consumption by copepods have been widely discussed in the literature. Ciliates usually fall in the range of optimal prey sizes for copepods (Frost 1972 , Berggreen et al. 1988 , whereas many phytoplankton cells are too small (picoplankton) or too large (e.g. chain-forming diatoms). The use of bulk phytoplankton in our comparative study might, therefore, have biased determined selection patterns , geometric mean; mean ± 1 SE range is shown in parentheses) on phytoplankton and ciliates as a function of the trophic status of the system studied (characterized by phytoplankton carbon concentration, µgC phyto l -1 ). Average contribution of ciliates to copepod daily food (as phytoplankton + ciliates) rations is also shown ), dominated by large-sized phytoplankton that are difficult to handle by copepods. However, at a local scale, along a seasonal cycle in an oligotrophic coastal area Broglio et al. (2004) also found, for a variety of species of copepods, a clear preference for ciliates with respect to > 5 µm chlorophyll.
Food quality and encounter rates have been proposed as the most likely reasons for ciliate consumption (Jonsson & Tiselius 1990 , Stoecker & Capuzzo 1990 , Broglio et al. 2004 ). Ciliates have a higher nutritional value than algae, because their nitrogen content exceeds that of the primary producers (Stoecker & Capuzzo 1990) . Moreover, ciliates can also be employed as direct sources of proteins, amino acids, and important polyunsaturated fatty acids (PUFA), for the reproduction of crustaceans (Stoecker & Capuzzo 1990 , Wickham 1995 , Broglio et al. 2003 . In addition, the fast swimming of ciliates compared to phytoplankters favors higher clearance rates (1) because it increases their encounter rate with copepods, and (2) because their swimming generates a strong hydrodynamic signal that makes them easily detectably by the array of mechanoreceptors on the first copepod antennae (Jonsson & Tiselius 1990 , Atkinson 1995 , Saiz & Kiørboe 1995 , Kiørboe et al. 1996 , Kiørboe & Visser 1999 .
Top-down control of ciliate populations
The broad objective of this study was to seek general patterns and global estimates that would increase knowledge on the nature and consequences of the ciliate-copepod link. One obvious consequence of feeding on ciliates is the impact that copepods may have on this prey population. Scattered reports of copepod grazing impacts on ciliates found in the literature are highly variable, ranging from 0 to 200% of the standing stock consumed per day (Dolan 1991 , Nielsen & Kiørboe 1994 , Lonsdale et al. 2000 , Koski et al. 2002 , probably reflecting the peculiarity of the system studied. It is, however, not possible to determine the global impact of copepod feeding on ciliate communities from the available data set, because most available literature considered did not provide results on copepod abundances. Nevertheless, we can calculate the amount of copepods needed to obtain a given impact on ciliates. Considering the global averages of ciliate abundance and copepod ingestion rates obtained in the present study, it would require 7 copepods l -1 , with standard body mass of 10 µgC ind.
-1 , to consume 50% of the ciliate standing stock. Such copepod abundances can be found in coastal productive waters or copepod swarms (Ambler 2002) . To induce a similar impact on phytoplankton standing stock, 96 copepods l -1 would be needed, which is an unrealistic value for most marine ecosystems. It thus seems that the effects of copepod grazing on phytoplankton may be mostly mediated by their control on ciliate populations (cascade effects). We can also estimate the effects of copepod grazing on ciliate production from avail- able literature data on biomass, and the temperaturedependent equation for maximal ciliate growth rates obtained from Pérez et al. (1997, their ), and t is temperature (°C). Our calculations (not shown) indicate that 6 copepods l -1 would be needed to consume half of the daily ciliate production. Based on theses values copepods may only extensively influence ciliate abundance or production (topdown control) in coastal waters or productive systems characterized by high copepod biomass. Under other scenarios ciliate production and biomass might be regulated mainly by bottom-up mechanisms. These generalizations must be considered with caution because they describe global patterns, which possibly mask local variability (i.e. in particular ecosystems copepods may have a strong impact on phytoplankton or ciliates). Also, copepod and ciliate species inhabiting productive and oligotrophic environments may not be the same. Moreover, the generalizations ignore the existence of small-scale structures, like microlayers and small patches, which might result in higher impacts (Saiz et al. 1993) . Furthermore, the above-mentioned estimates of top-down control are conservative because other potential ciliate grazers were not considered. Additional grazers representing a possible additional impact on ciliate communities include fish larvae, other planktonic crustaceans, other microzooplankters, etc. (see reviews of Pierce & Turner 1992 and Sanders & Wickham 1993) .
Another aspect to consider, from the point of view of the ciliate, is that the impact of copepods may be reflected not only in changes in the stock or biomass. For instance, high copepod predation pressure may benefit species of ciliates with behavioral responses to avoid predation (e.g. Tontonia spp., Mesodinium spp., Dolan & Pérez 2000) . Therefore, it is possible that even if, as our study suggests, the copepod control of ciliate growth and standing stock in the oligotrophic oceans is usually low, they may affect ciliate community sizestructure and species composition.
Global biogeochemical budgets
Calculating general carbon budgets to be used in present and future predictive models formed an important goal of the present study. Copepods constitute the main food source for fish, and the quantification of the flux of matter through them has, therefore, traditionally been of interest to infer the potential yields of fisheries. From a biogeochemical point of view, and in relation to concerns of climate change, the role of zooplankton might have been underestimated. The magnitude of the carbon flux circulating through the ciliate-copepod link at a global scale can be obtained by multiplying the weight-specific ingestion rates on ciliates by the standing stock of zooplankton biomass (assumed to be mainly copepods) in the world's oceans (estimated to be around 0.31 gigaton [Gt] C for the upper 100 m layer; Bogorov et al. 1968 , Moiseev 1971 ). This approach is conservative, because small copepods have traditionally been severely undersampled due to the use of coarse net mesh sizes , Gallienne & Robins 2001 and because this value does not include the contribution of mesopelagic zooplankton either. Using our estimates of weight-specific ingestion rates (geometric mean = 0.018 and 0.072 µgC prey µgC copepod d -1 for ciliates and phytoplankton, respectively), copepods would consume at least 2.0 GtC ciliate yr -1
, and about 8.1 GtC phyto yr -1 . These values are rough approximations since they are based on averaged estimates, and specific responses of ecosystems were not considered. A parallel estimation with a different approach and data set by Calbet (2001) rendered, however, similar values. This author reported the consumption of phytoplanktonic carbon by zooplankton at a global scale (taking into account oceanographic provinces) in the order of 5.5 GtC phyto yr -1
. Applying the ciliate contribution to the copepod diet obtained in the present study (30% in carbon terms) to the Calbet (2001) phytoplankton consumption data set, we infer that 30 × 5.5/(100 -30) = 2.4 GtC ciliate yr -1 should be circulating through the ciliate-copepod (actually, ciliate-zooplankton) link. Hence, independent approximations provided, in this case, rather similar values on zooplankton consumption of ciliates and phytoplankton. The omission of ciliates as one of the major components of copepod diet in these calculations would have resulted in a severe underestimation (~1⁄ 3 in carbon terms, on average) of the potential copepod yield.
This ingestion flux of 7.9 to 10.2 GtC yr -1 through copepods due to combined grazing on ciliates and phytoplankton results in a flux of CO 2 , as respiratory losses, of 2.0 to 2.5 GtC yr -1 in the global oceans (assuming an average respiratory loss of 25%; Bougis 1974 , Kiørboe et al. 1985 , Pagano et al. 1993 ). This value is close to the estimate of 3 GtC yr -1 by del Giorgio & Duarte (2002) based on the assumption that respiration by mesozooplankton would be equivalent to 5% of the combined microplankton respiration in the photic and thermocline waters.
How do these C fluxes relate to primary production? The ingestion of phytoplankton by copepods directly accounts for 12 to 18% of the global primary production (45 GtC yr -1 ; Falkowski et al. 1998 ). However, we must consider that a portion of primary production can indirectly reach copepods through the consumption of ciliates. For example, if we conservatively assume that ciliates feed mostly on phytoplankton (one single trophic step), and that their gross growth efficiency is 30% (Straile 1997) , an equivalent of 19 to 21% of primary production should be at least assimilated and packed as ciliate biomass, and in final instance routed through the ciliate-copepod link. The combined feeding activity of zooplankton, either by direct (phytoplankton) or indirect (ciliate) consumption, yields an equivalent of 30 to 33% of the primary production reaching the zooplankton and, therefore, prone to arrive at upper trophic levels. Assuming ciliate and copepod prey size-spectra have little overlap (Jonsson 1986 , Berggreen et al. 1988 , Jakobsen & Hansen 1997 , these latter estimates support an efficient trophic transfer in planktonic food webs towards upper levels. This efficiency is further increased in unproductive regions of the oceans where mesozooplankton directly consume a proportionally higher fraction of the primary production (Calbet 2001) and where the contribution of heterotrophs to the copepod diet is maximal.
In terms of global biogeochemical budgets and primary production, nitrogen and phosphorus are key limiting elements. It is, therefore, interesting to evaluate whether copepods actually play a significant role in nutrient regeneration and if the flux mediated through microheterotroph consumption is relevant. We will limit such exercise to nitrogen, following a similar global analysis as above. Grazing activity by copepods in the oceans represents an estimated flux of 1.3 to 1.6 GtN yr would be supplied by ciliate and phytoplankton ingestion, respectively (weight C:N ciliates = 5.0, Stoecker & Capuzzo 1990 , Gifford & Caron 2000 and weight C:N algae = 6.6, Ho et al. 2003) . Assuming that 20% of ingested nitrogen is excreted as ammonia (Kiørboe et al. 1985) , nitrogen excretion by copepods (0.26 to 0.33 GtN yr -1 ) only provides 4 to 5% of the nitrogen requirements for primary production in the photic layer. This estimate is probably on the low side, because nonassimilated nitrogen, in the form of faecal pellets or sloppy feeding, may account for 40% of the copepod ingesta (assuming nitrogen assimilation efficiency to be 60%; Kiørboe et al. 1985) . Non-assimilated nitrogen would result in a flux of 0.8 to 1 GtN yr -1 in the oceans, which could eventually be remineralized by bacteria within the photic layer. All together, the sum of copepod excretion and remineralization of non-assimilated nitrogen could only explain 14% of the nitrogen requirements for primary production. Therefore, according to our analysis, the role of copepods in remineralization (and recycled production), globally, would appear of minor importance in contrast to previous considerations (Banse 1995) . However, higher contributions to the N cycle at local scales cannot be ruled out (e.g. Alcaraz et al. 1994 , Bode et al. 2004 ).
Are our biogeochemical budgets conservative?
The values presented here on the strength of the microzooplankton-copepod link are actually conservative. Below we detail 2 main considerations that would increase our budget estimates and that should be addressed in future studies.
First, ciliates are extremely fragile organisms and very sensitive to fixation (Sime-Ngando & Groliere 1991, Leakey et al. 1994 , Stoecker et al. 1994 ) and handling (Gifford 1985) . Most of the studies considered have partially taken into account this matter. Lugol's acidic solution is accepted as one of the most benign preservatives (Stoecker et al. 1994) and, consequently, used as standard for experiments dealing with ciliates (90% of the studies considered here used Lugol). Fixation with Lugol results in a significant shrinkage of the cell. When attempting to obtain biomass estimates, this reduction in cell size due to Lugol is usually passed by the use of the conversion factor 0.19 pgC µm 3 by Putt & Stoecker (1989) , which was based on shrunk, Lugolpreserved ciliates. However, it is quite likely that fixation, even with Lugol's at the recommended concentrations (Stoecker et al. 1994) , may damage ciliates beyond recognition, thus reducing initial concentrations. These losses in cell numbers are not usually taken into account. The few studies that have addressed this issue have shown, quite consistently, that the losses of ciliates due to fixation are in the order of 20% for freshwater oligotrichs (Sime-Ngando et al. 1990) , and 27-30% for marine ciliates (Dale & Burkill 1982 , Broglio et al. 2004 ). Therefore, we could recalculate our data compensating for fixation-induced number losses (with the exception of those studies in which ciliate losses were originally accounted for). Applying a loss-factor of 30%, the contribution of ciliates to copepod diet would rise to 34%, and the carbon and nitrogen consumed on a global scale would increase to 2.6-2.8 and 0.5-0.6 GtC and N yr -1 , respectively. This correction is actually conservative because it does not consider ciliate damage due to handling (e.g. filtering through meshes may produce community losses up to 60%; Gifford 1985, authors' pers. obs.) . Unfortunately, it is difficult to correct for that until standard protocols for handling ciliates are developed and applied.
The second aspect to discuss regarding whether or not our estimates are conservative is that, as mentioned in the 'Introduction', we have focused our study on ciliates as representative of microzooplankton. However, other numerically important groups, such as heterotrophic dinoflagellates, may also play a significant role in copepod trophodynamics and may represent an important link from primary producers to higher trophic levels in certain ecosystems (Sherr & Sherr 2002 , Jeong et al. 2004 ).
In our literature search, very few studies considered both ciliates and heterotrophic dinoflagellates as copepod prey. These studies, listed in Table 3 , show that heterotrophic dinoflagellates are, in comparison to ciliates, similarly represented in plankton, and indicate that copepods clear them at rates comparable to those on ciliates (no significant differences between clearance rate on ciliates and heterotrophic dinoflagellates, paired t-test p > 0.46). Therefore, the few data available indicate that heterotrophic dinoflagellates may also contribute significantly to copepod diet, and our estimates of the importance of microzooplankton would probably be amplified if dinoflagellates were included.
In conclusion, our analysis fairly shows the notable strength of the copepod-ciliate (microzooplankton) link, especially in oligotrophic areas, evidencing the major importance of this trophic link, traditionally overlooked in plankton studies. Its inclusion results in a higher efficiency of biomass and energy transfer from primary producers to sustain the production of higher trophic levels (such as fish), especially in those systems where most primary producers are not available for direct copepod ingestion. Certainly, our comprehension of zooplankton dynamics and trophic interactions in marine planktonic environments would benefit from further contemplating this significant link. Table 3 . Review of feeding rates of marine copepods on heterotrophic dinoflagellates (Hdino) in the literature. When available, the concentration of Hdino is also shown, as well as paired data on ciliate (Cil) concentration and copepod feeding rates on ciliates. Values in parentheses are SD
